Our results demonstrate the functional importance of bilateral central and parietal cortices in continuous balance control. The hemispheric asymmetry observed implies that the nondominant hemisphere is involved with online monitoring of postural control. Although the posterior parietal asymmetry found may relate to vestibular, somatosensory or multisensory feedback processing, we argue that the finding relates to active balance control rather than simple sensory-intake or reflex circuit activation.
Introduction
Postural control requires the integration of visual, vestibular and proprioceptive sensory cues (Maurer et al., 2000) and was historically understood to involve only subcortical, spinal and cerebellar structures (Magnus, 1926; Keck et al., 1998) . Whilst cortical involvement in postural control is now unequivocally accepted, based partly on electroencephalography (EEG) data, (Ouchi et al., 1999; Jacobs and Horak, 2007; Mihara et al., 2008; Slobounov et al., 2008; Slobounov et al., 2009; Bolton et al., 2012; Sipp et al., 2013; Varghese et al., 2014; Hülsdünker et al., 2015; Hülsdünker et al., 2016) , its exact role remains unclear. It has been suggested that even in stable balance, cortical involvement may increase with age due to deteriorations in subcortical control loops (Baudry, 2016; Ozdemir et al., 2018) .
Attempts to separate multimodal sensory contributions to balance control have been limited to the exclusion of visual input (eye closure) (Slobounov et al., 2009; Tse et al., 2013; Hülsdünker et al., 2015; Varghese et al., 2015; Ozdemir et al., 2018) . Differences between somatosensory, proprioceptive and vestibular cortical contributions remain unexplored (Bolton, 2015) , perhaps in part due to the complexity of deciphering vestibular and proprioceptive cortices (Brandt, 2003) . Despite this difficulty, studies aiming to identify cortical areas involved with vestibular processing have repeatedly implicated parietal areas (Fasold et al., 2002; Kahane et al., 2003; Lopez et al., 2012) , with recent work additionally demonstrating their functional importance in maintaining spatial orientation (Arshad et al., 2013; Arshad et al., 2014; Kaski et al., 2016) . Similarly, proprioceptive cortical processing involves parietal areas and is functionally relevant for postural control (Pellijeff et al., 2006; Limanowski and Blankenburg, 2016) .
Unlike functional Magnetic Resonance Imaging (fMRI), EEG can be applied during upright posture and has therefore dominated studies investigating cortical control of balance. EEG also offers high temporal resolution, meaning that most research to date has focussed on event-related changes and transient postural perturbations (Slobounov et al., 2005; Adkin et al., 2006; Slobounov et al., 2009; Tse et al., 2013; Varghese et al., 2014; Varghese et al., 2015) . Whilst the latter are useful to understand responses to transient balance disturbance, such brief changes are unlikely to be representative of mechanisms involved in maintaining continuous balance. Quite apart from any theoretical implications, understanding EEG patterns during a range of standing postures of varying difficulty will pave the way for the EEG study of clinical conditions in which patients experience sensations of dizziness or unsteadiness only when upright, but without major alterations of postural reflexes (Ahmad et al., 2015; Kim et al., 2015; Schöberl et al., 2017; Nigro et al., 2018) .
Continuous balance has only recently been investigated using EEG (Hülsdünker et al., 2015; Hülsdünker et al., 2016; Ozdemir et al., 2018) . Theta (4-8Hz) power is reported to rise with increasing balance demand in parietal areas (Hülsdünker et al., 2015; Hülsdünker et al., 2016) , as well as in frontal areas (Sipp et al., 2013; Slobounov et al., 2013; Varghese et al., 2014) . Lower centro-parietal theta activity is found to be associated with better task performance, thus theta oscillations have been suggested to represent error detection and processing during postural maintenance (Slobounov et al., 2009; Hülsdünker et al., 2015) .
Reduction in lower alpha power (8-10Hz) with greater task difficulty has also been demonstrated, suggested to reflect increased thalamo-cortical information transfer and generalised cortical activation (Hülsdünker et al., 2016) . Alpha oscillations have been implicated in attentional aspects of balance control, particularly visuo-spatial attention (Ray and Cole, 1985; Rihs et al., 2007) . Increases in central and centro-parietal delta (0.2-4Hz) activity have been reported separately, however these were interpreted as related to lower limb movement planning and execution, rather than tasks involved in quiet postural maintenance (Ozdemir et al., 2018) . Although increases in slow wave (delta and/or theta) activity may seem counter-intuitive, particularly taking into consideration observations made in the clinical EEG setting (Scott, 1976; Britton et al., 2016) , increases in delta and theta power with task complexity have been demonstrated in multiple contexts, including visuo-motor tasks (Slobounov et al., 2000; Gomarus et al., 2006) and with increasing cognitive load (Harmony et al., 1996; Gevins and Smith, 2000) .
Although spectral changes during different balance tasks have been demonstrated in various frequency bands, spatial resolution of existing studies has been limited (Hülsdünker et al., 2015; Hülsdünker et al., 2016; Ozdemir et al., 2018) . Spatial resolution is a recognised issue of EEG; however, it has been further compromised in these analyses by the grouping of electrodes over both hemispheres. This was particularly the case for central and parietal areas, which are known to be important in relation to efferent (lower limb motor) and afferent (vestibular and proprioceptive) aspects of balance, respectively (Kalaska et al., 1990; Wang et al., 2006; zu Eulenburg et al., 2012; Arshad et al., 2014) , particularly over the non-dominant (right) hemisphere Janzen et al., 2008; Pérennou et al., 2008; Arshad et al., 2015) .
The purpose of this study was to characterise changes in cortical activity associated with continuous, steady-state balance control in healthy individuals at single (rather than grouped) electrode positions. Balance task difficulty was quantified to enable correlation with spectral power. Electrodes chosen in our regions of interest (ROIs) were C3, Cz and C4, approximately overlying the medial aspects of the primary motor cortex bilaterally (lower limb areas) and P3 and P4, which may capture activity from Brodmann areas 39, 40 and 7 (involved with vestibular and proprioceptive information processing) (Homan et al., 1987; Kahane et al., 2003; Okamoto et al., 2004; Koessler et al., 2009; Trans Cranial Technologies, 2012) . Eyes remained closed throughout to exclude visual input and maximise vestibular and proprioceptive afferent contribution to balance maintenance. Theta (4-8Hz) and alpha (8-12Hz) frequency bands were investigated as they are recognised to be involved in balance control (Pfurtscheller et al., 2000; Adkin et al., 2006; Slobounov et al., 2008; Del Percio et al., 2009; Slobounov et al., 2009; Sauseng et al., 2013; Sipp et al., 2013; Varghese et al., 2014) and are least vulnerable to signal artefact.
Experimental procedures

Study participants
Twenty-four, right hand and right foot dominant, healthy volunteers were recruited (age 22.7, SD 3.0 years; 13 female). Exclusion criteria were factors which could confound EEG data, including a personal or family history of seizures, unexplained loss of consciousness or falls, and conditions that could impair balance performance, including recent injury to either lower limb, known muscle or vestibulo-cerebellar disease, and alcohol consumption within 24 hours. All subjects provided written informed consent prior to participation in compliance with the World Medical Association Declaration of Helsinki.
Experimental protocol
Each subject performed 4 balance tasks and a seated control condition, all with eyes closed.
The difficulty of each balance task was determined by surface (floor vs. foam) and stance (bipedal vs. unipedal) in a 2x2 factorial design. During bipedal conditions (FLOOR, FOAM), subjects stood with their feet shoulder width apart and arms by their sides. During unipedal conditions (RFLOOR, RFOAM), subjects balanced on their right foot with arms outstretched and left leg raised. A foam surface of 10cm depth was used to disrupt the reliability of somatosensory afferent information. Subjects were asked only to touch their left foot to the ground if loss of balance was imminent, and to do so as briefly and infrequently as possible.
These time epochs were noted and later eliminated from the analysis.
All conditions were preceded by practice runs, which were not recorded. This was to minimise potential confounding effects of motor learning and task familiarity. EEG was recorded for 2 minutes in the baseline seated condition before the 4 balance tasks, which were counterbalanced in order. Bipedal recordings were for 2 minutes and unipedal for 3 minutes, to allow for potential elimination of trace sections due to signal disruption and loss of balance, predicted to be more likely in unipedal tasks.
Task Difficulty
Task difficulty was investigated using both subjective and objective measures. All participants were asked to rate difficulty in the seated and 4 balance tasks using a numerical scale between 1-5. Mean ratings (n=24) determined that task difficulty increased in the following order: FLOOR-FOAM-RFLOOR-RFOAM [ Table 1 ], which was corroborated by measurements of postural instability in two of the participating subjects, separate from EEG recording. In addition, 24 normal subjects (age 22.8, SD 3.2 years; 13 female) had postural instability measured and correlated with individual 1-5 point subjective ratings. An in-housebuilt force posturography plate was used to measure postural instability (sway path), as detailed elsewhere (Lekhel et al., 1997; Guerraz et al., 2001; Yarrow et al., 2001 ). This confirmed the order of task difficulty and demonstrated a strong positive correlation between rated difficulty and measured instability, Spearman rho (r s )= 0.851 (p=0.000). As such, all data relating to balance tasks will be presented in this order. For simplicity, correlations between EEG band power and task difficulty will be based on individual subjective ratings, as biomechanical descriptors of increased task difficulty require complicated measurements and are associated with increased complexity of the movement structure (Federolf et al., 2013) .
Data acquisition
EEG was recorded from 32 scalp locations, according to the international 10-20 system, via electrodes mounted in a Waveguard™ cap (ANT Neuro, Enschede, The Netherlands). A 33 rd electrode located 10% anterior to Fz (namely GND electrode, position AFz) was used as the common reference. Sampling rate was 2500Hz and electrode impedances were kept below 5kOhm. All recordings were performed in a Faraday cage.
Data processing
EEG data were collected via Asa™ software (ANT Neuro). Each trace was visually examined and segments with movement or electromyographic (EMG) artefact were excluded from insoftware transformation. Fast Fourier Transform (FFT) averaging was then applied in Asalab™ (ANT Neuro), and frequencies of interest (theta 4-8Hz; alpha 8-12Hz) were analysed in Microsoft® Excel at 0.5Hz bin resolution. This preliminary analysis was corroborated by independent, detailed analysis in MATLAB®, summarised in Figure 1 . After visual examination for artefact removal, the mean offset of each electrode was removed, and zero-phase low-pass filtering was applied using an anti-aliasing finite impulse response (FIR) filter. The cut-off frequency of this filter was defined at 100 Hz with a transition bandwidth of 25 Hz, a pass-band ripple of 0.01 and a stopband attenuation of 80dB. This filter removed high frequency content and prevented foldover when signals were downsampled to 250Hz. A zero-phase high-pass filter was then applied, using a FIR filter with a cut-off frequency and a transition bandwidth of 0.5 Hz, a pass-band ripple of 0.01 and a stopband attenuation of 60dB. Stopband attenuations were selected only as high as required, to maximise computational efficiency (Widmann and Schröger, 2012; Widmann et al., 2015) . Finally, a zero-phase notch filter removed powerline interference. FFT was then performed, and theta and alpha band power calculated for ROIs. The outputs of preliminary ROIs was calculated for both frequency bands of interest (Babiloni et al., 2011) .
Data normalisation
EEG signal strength can differ greatly between individuals and between separate recordings in the same individual due to several factors including anatomo-physiological differences and impedance mismatch. Accordingly, signal data for each balance task recording were normalised by expressing the total power in each frequency band relative to the respective individual SITTING value in power analyses. These normalised data were displayed on head plots for topographical visual representation only [ Fig. 4 ] and processed statistically (see below). Analogous normalisation was applied to individual coherence values.
Statistical analysis
All statistical analysis was conducted in SPSS® Statistics 23 (IBM® Corp.) . In cases where data did not meet normality criteria, non-parametric tests were used. Descriptive statistics were generated immediately after data normalisation. These indicated large inter-individual variability, a recognised feature of EEG data. To improve the reliability by reducing data variance, our statistical package identified values beyond 3SD from the group mean as outliers, which were then excluded prior to any further analysis of separate frequency bands.
On the above basis, 4/24 subjects were excluded from power analysis of the theta band (n=20) and 8/24 from analysis of the alpha band (n=16), 2 of which were also among the 4/24 excluded from the separate theta band analysis. Normality was then confirmed using Shapiro-Wilk tests. A 2-way repeated measures analysis of variance (ANOVA) was performed on the normalised (relative to SITTING) power data for each frequency band using within-subject factors SITE (electrode; 5) and TASK (balance task; 4). Where the sphericity assumption was not met, Greenhouse-Geisser corrected p-values were used.
Bonferroni correction was applied where multiple post-hoc comparisons were made.
Pearson product-moment correlation coefficients (r) were calculated between subjective task difficulty rating and total power in each frequency band (theta and alpha) in all electrodes of interest.
A similar procedure was followed for coherence analyses in theta (n=20) and alpha (n=16) frequency bands. A 2-way repeated measures ANOVA was performed on absolute coherence values for each band using within-subjects factors COMBINATION (3 electrode pairing groups: central-central, central-parietal and parietal-parietal) and TASK (balance task including SITTING; 5). Where correlation between subjective task difficulty rating and coherence was investigated, coherence data were first normalised to respective SITTING values before Spearman rank-order correlation coefficients (r s ) were calculated. Figure 2 shows the mean (n=20) change in normalised power in the theta frequency band in each electrode of interest, according to balance task. There was a significant ANOVA main effect of electrode on theta power (p=0.003). Post hoc analysis revealed significant differences between 3 electrode pairs: C3-C4 (p=0.008), Cz-C4 (p=0.019), Cz-P4 (p=0.043), each representing a degree of hemispheric asymmetry, with a trend towards greater reduction in the theta frequency band in right versus left central and parietal areas. This is illustrated topographically in Figure 4 . Figure 4 also shows a relative increase in theta power in electrode Cz during the more challenging tasks (FOAM, RFLOOR, RFOAM), greatest in RFLOOR. As this finding was topographically isolated, raw traces were visually re-examined for participants demonstrating greatest theta power increase between seated and unipedal (RFLOOR) conditions to ensure that the change was not artefactual. Examples for one individual are illustrated in Figure 5 . Cz theta increase seen in Figure 2 could have reflected a general activity enhancement across multiple midline electrodes (Hülsdünker et al., 2015) , however as shown in Figure 4 , theta power increases during the more demanding tasks fairly selectively in the central electrode Cz.
Results
Theta power
Figures 2 and 4 suggest a slight reduction in theta power during the postural tasks in C3, C4, P3 and P4, however there was no main effect of balance task on theta power, and no correlation between subjective task difficulty and theta band power in any electrode. Figure 3 shows the mean (n=16) change in normalised power in the alpha frequency band in each electrode of interest, according to balance task. There were significant ANOVA main effects of electrode (p=0.019) and balance task (p=0.025) on alpha power. There is a general trend towards reduction in alpha power in all 5 electrodes of interest with increasing task difficulty [ Fig. 3, 4 ]. In agreement, significant negative correlations were found between subjective difficulty ratings and alpha power in electrodes C3 (r= -0.317; p=0.011), C4 (r= -0.345; p=0.005), P3 (r= -0.279, p=0.025) and P4 (r= -0.249, p=0.049) [Fig. 6 ]. These correlations demonstrate reductions in alpha power with increasing task difficulty in central and parietal regions bilaterally, albeit seen to a greater extent in right versus left cortical areas [ Fig. 4 ].
Alpha power
In order to corroborate whether the posturally-induced alpha reduction was localised to our ROIs, we examined surrounding electrodes. We found that the mean alpha power change in our ROIs (5 electrodes combined) was -9.00% upon balancing (4 normalised tasks combined) with respect to the seated control condition. In contrast, the electrodes surrounding our ROIs (O1, O2, Oz and POz) showed a mean change in alpha power of +5.82% and, importantly, there was no consistent modulation with balance task difficulty (mean change across electrodes and postural conditions).
In keeping with Hülsdünker et al. (2016) , we observed an increase in alpha peak frequency during all postural tasks from the seated control (median SITTING alpha frequency 9.6Hz).
Median alpha peak frequency increased consistently across all five ROIs (median 2.2%, range 0.1-4.8%). As this finding is consistent with the literature it will not be discussed further.
Coherence analysis
Coherence between electrode pairs within our ROIs was measured for theta and alpha bands. Statistical analysis in the alpha band revealed a significant ANOVA main effect of electrode group (p=0.000) and significant interaction between electrode group and task 
Discussion
In this study, we used EEG to examine changes in cortical activity associated with continuous balance at single electrode positions, and correlated EEG power with subjective measures of balance difficulty. We observed a significant reduction in alpha power as balance task becomes increasingly difficult. Theta activity increased in Cz during the postural tasks. It is unlikely that our main findings (i.e. reduced power) are attributable to EMG or movement artefact, which would be expected to increase with task difficulty. Additionally, the frequency bands examined (theta and alpha) are least likely to be contaminated by EMG activity during challenging balance tasks, compared with beta and gamma bands.
Theta power
In contrast to previous work demonstrating an increase in theta power as a function of task difficulty in central and parietal regions (Hülsdünker et al., 2015; Hülsdünker et al., 2016) , discussed further below, our data showed no association between task difficulty and theta power. However, Figures 2 and 4 suggest a slight reduction in theta power during the postural tasks, with the exception of Cz. Given that theta oscillations are understood to be important during transient balance perturbations (Slobounov et al., 2009; Sipp et al., 2013; Slobounov et al., 2013; Varghese et al., 2014) , a possible explanation for this discrepancy is that there are multiple, opposing event-sensitive changes in theta power that are not reflected in summary measurements of power in "steady-state", continuous balance.
Evidence exists to support this concept. Contrary changes in theta activity have been reported, depending upon both phase of balance and predictability of postural perturbation (Slobounov et al., 2009; Slobounov et al., 2013) . Also, a locomotor study found that the theta increases in bilateral sensorimotor areas at the point of loss of balance are not seen during stable balance phases (Sipp et al., 2013) .
However, as mentioned, our finding differs from those of Hülsdünker et al. (2015) , who demonstrated an increase in theta power with increasing task difficulty in fronto-central and centro-parietal regions during continuous balance. In that study, as groups of at least 6 electrodes overlying midline, left and right cortical areas were analysed together, it is possible that there are individual loci within this group at which there is no significant change in theta power, as we have found (C3, C4, P3, P4) [ Fig. 2, 4] . Despite no main effect of task difficulty on theta power and no significant correlations with rated difficulty, we observed that theta power at electrode Cz tended to increase with task difficulty until the most challenging task, at which there was a relative reduction (RFLOOR-RFOAM) [Fig. 2, 4 , 5]. The change at this electrode corresponds with the findings of Hülsdünker et al. (2015) , who observed theta power increase across a widespread centro-parietal cortical area and described a similar "ceiling effect" of extreme balance difficulty. Disparity between these results and ours may be accounted for by the effect of grouping electrodes for analysis (Hülsdünker et al., 2015) , rather than interrogation of activity at single electrode positions as we have done.
In any case, the pattern of theta activity in Cz differs from other surrounding electrodes, suggesting a distinct role for this cortical region, which corresponds to the medial aspect of the primary motor cortex or "leg area" (Homan et al., 1987; Koessler et al., 2009) . It is possible that the increased theta activity in this area represents a true surge in neural activity of the primary motor cortex, for example in adaptive postural activity while maintaining continuous balance. This interpretation agrees with views that theta oscillations could represent error detection and processing (Adkin et al., 2006; Slobounov et al., 2009) (Varghese et al., 2015) , as adaptive motor responses form the efferent component of these feedback loops. Alternatively, as there are strong functional connections between motor and parietal cortices (Koch et al., 2008; Feurra et al., 2011) , the latter of which implicate vestibular functions , it is also possible that the increase in theta power in Cz could reflect enhanced parieto-motor communication .
However, this latter hypothesis is not directly supported by our coherence data (showing coherence increase with task difficulty in central-central but not in central-parietal electrodes, albeit in the alpha band). Irrespective, separating afferent from efferent components during EEG experiments in freely moving subjects is notoriously difficult, and further studies in patients devoid of vestibular or proprioceptive function are underway to clarify this point. In addition, source localisation with high density EEG (Freeman et al., 2003; Song et al., 2015) and subject-specific MRI (Gohel et al., 2017 ), which we were not able to implement, should aid localising accuracy.
The reduction in Cz theta power at the most extreme level of balance difficulty supports the suggestion of a "ceiling effect" for theta power in the leg motor area when postural instability becomes excessive (Hülsdünker et al., 2015) . It is possible that beyond a certain level of unsteadiness, the balance function subserved by theta oscillations is taken over by other cortical or subcortical domains. Such a suggestion has previously been made only in relation to alpha and higher frequency bands (Tse et al., 2013) . One could argue that such a shift could potentially explain postural instability in some elderly patients, as age-related deterioration of subcortical control loops and increasing reliance on cortical mechanisms has been postulated (Baudry, 2016; Ozdemir et al., 2018) . However, a shift in power spectral distribution to higher frequencies when balance becomes extremely difficult is an alternative possibility. So far, there has been limited investigation of beta (12-30Hz) and low gamma (30-40Hz) power during continuous balance, and no investigation of frequencies above 50Hz (Ozdemir et al., 2018) . High-gamma (60-100Hz) activity has been demonstrated in the primary motor cortex during voluntary movement and hypothesised to reflect cortico-subcortical feedback control (Cheyne et al., 2008) . For this reason, frequencies above 60Hz would be worth investigating in future EEG study of balance, although EMG contamination may be inevitable.
Theta power asymmetry
We also demonstrated significant hemispheric asymmetry in theta power, highlighted by significant differences between Cz and right-sided electrodes (C4, P4) and between left and right central electrodes (C3, C4) [ Fig. 2 ]. Theta power was relatively lower in right-sided than left-sided central and parietal regions during all balance tasks [Fig. 4 ]. As this relative difference between the hemispheres is not limited to unipedal tasks, we can assume that it is not attributable to asymmetric leg activity. It is known that the vestibular cortex comprises several distinct regions including part of the posterior parietal cortex (Lopez et al., 2011; Lopez et al., 2012) , and that spatial functions are lateralised to the right hemisphere in right-handed people Janzen et al., 2008; Arshad et al., 2013; Nigmatullina et al., 2016) . The relatively lower theta power at right parietal loci versus left could therefore represent greater feedback processing and spatial planning by spatialdominant cortical areas, possibly by spectral shift to higher frequencies.
However, this interpretation may not necessarily account for asymmetry in central areas (C3-C4), which is more prominent. It is likely that electrodes C3 and C4 also overlie parts of the primary somatosensory cortex (Penfield and Rasmussen, 1957; de Klerk et al., 2015) .
Although this in itself does not provide a clear reason for hemispheric asymmetry, there is evidence that parts of the primary somatosensory cortex (Brodmann areas 3/1/2) close to these electrodes have properties linked to vestibular function (Urasaki and Yokota, 2003; Lopez and Blanke, 2011) . Therefore, lower theta activity in C4 than C3 could represent greater multimodal sensory information processing by the spatial-dominant right hemisphere in central regions, in addition to parietal, as further supported by the notion of a distributed vestibular cortical network (Arshad, 2017) .
Alpha power
Alpha power decreased significantly with increasing task difficulty in right and left-sided central and parietal areas. Alpha activity is understood to reflect inhibition of task-irrelevant brain regions, meaning alpha desynchronisation (power reduction) represents increased information processing due to inhibition reduction by higher centres (Ray and Cole, 1985; Boiten et al., 1992; Del Percio et al., 2007; Slobounov et al., 2008; Klimesch, 2012; Babiloni et al., 2014) . Our results therefore suggest that bilateral central and parietal cortical regions are functionally engaged in continuous balance control, and that information processing at these loci increases with balance challenge. Reductions in lower (8-10Hz) and upper (10-12Hz) alpha power with increasing postural sway during continuous balance have been previously reported across the centro-parietal region, suggesting involvement in balance control processes (Hülsdünker et al., 2016) . However, this phenomenon had not been demonstrated consistently (Tse et al., 2013) , possibly due to differences in balance task, spatial resolution, ROIs examined and a combination of external postural perturbation and sustained task investigations. Our findings support those of Hülsdünker et al. (2016) , providing further indication that central and parietal alpha power reduction reflects increasing functional involvement of these areas with continuous balance challenge.
In parietal regions, observed alpha reductions may relate to increased external sensory attention and information processing, as previously postulated (Ray and Cole, 1985) . That is, alpha power has been shown to be lower in tasks that involve sensory-intake than those that do not and is hypothesised to reflect greater external sensory attention (Ray and Cole, 1985) . Notably, evidence for this external sensory attention concept of parietal alpha reduction has come from studies involving no motor response or somatosensory stimulation (Ray and Cole, 1985; Benedek et al., 2014) . This would imply that the underlying changes in external sensory attention in parietal cortex only concern visuo-spatial, and not sensorimotor, attention. Thus, the reductions in parietal alpha power we found could reflect increases in vestibulo-spatial sensory attention with increasing balance demand, as visual input has been eliminated. Our novel finding that this active reduction in alpha activity is more prominent on the right in right-handed subjects fully supports this view, given that the spatial-attentional network is significantly lateralised to the non-dominant, right hemisphere (Karnath and Dieterich, 2006; Arshad et al., 2013; Arshad et al., 2015) .
Bilateral parietal alpha suppression has also been demonstrated during rotational vestibular stimulation while sitting (Gale et al., 2016) . Gale et al. (2016) made efforts to exclude somatosensory and proprioceptive involvement and comparisons were made between subjects with and without vestibular function, making the observed alpha suppression likely to reflect true vestibular cortical processing in parietal regions. This is also supportive of our observed parietal alpha power reduction indicating increasing activity of vestibulo-spatial parietal cortex as balance challenge increases.
We also demonstrate similar, more prominent, changes in central regions, not previously reported at this spatial resolution (Hülsdünker et al., 2016) . This could imply that central changes also reflect increases in sensory rather than motor information processing, relating to areas of primary somatosensory cortex concerned with vestibular function (Urasaki and Yokota, 2003; Lopez and Blanke, 2011) . So, these changes, in parallel with parietal regions, may reflect increasing neural activity within multimodal sensory cortical networks with progressive balance task difficulty. However, the finding that alpha coherence between central-central but not central-parietal or parietal-parietal electrode pairs increases with task difficulty could represent the increased motor or sensorimotor co-processing required to deliver the motor component of the task. That said, differentiating sensory from motor processing is challenging, as already mentioned, and this topic will require further work in patients deprived of specific sensory inputs.
Whilst reduction in alpha power with task difficulty was also seen in Cz [ Fig. 3] , the relationship here was not significant. As in the theta band, this difference suggests a distinct functional role for this cortical area in balance control, and perhaps further evidence that it is more reflective of leg motor activity than sensory processing. This interpretation is consistent with the concept that negative correlations between alpha power and task difficulty in bilateral central and parietal regions are indicative of increasing vestibular and multimodal sensory processing. Although a limitation of our study is not having yet studied patients with absent vestibular function, what we do know, on the basis of pilot studies, clinical experience and evidence in the literature (Honegger et al., 2013; Sprenger et al., 2017) , is that the postural tasks explored here require intact vestibular function as they cannot be accomplished by avestibular patients.
Alpha power asymmetry
We also identified hemispheric asymmetry in the alpha band. As in the theta band, alpha power was relatively lower in right central and parietal regions than left during all balance tasks [ Fig. 3, 4 ]. This hemispheric asymmetry was most prominent between central electrodes [ Fig. 4 ]. Asymmetry in alpha desynchronisation has been widely reported during visual spatial attention (Sauseng, et al., 2005; Rihs et al., 2007; Feurra et al., 2011; Capotosto et al., 2012) . As visual contribution to balance was excluded in our paradigm, the alpha hemispheric asymmetry may relate to sensorimotor and/or vestibular processing.
Asymmetric alpha oscillations during walking have been reported to indicate fluctuating involvement of the sensorimotor cortex at different points during the gait cycle (Bradford et al., 2016) . However, gait or stance-related sensorimotor involvement is unlikely to underlie alpha asymmetry in this study, as asymmetry persisted in bipedal as well as unipedal conditions. Previous work has also established that changes in alpha power do not take place during either passive or supported changes in body position (Chang et al., 2011; Thibault et al., 2014) . This suggests that the asymmetry relates to more complex vestibulospatial functions, in keeping with our proposition that alpha reduction in parietal cortex corresponds to increasing vestibular cortical processing; we would expect that such activity, and alpha reduction, would be greater in the vestibular-dominant right hemisphere.
Interestingly, passive vestibular stimulation induces no asymmetry in temporo-parietal alpha power (Gale et al., 2016) , indicating that parietal vestibular hemispheric asymmetry must be specific to active balance control, and not simply sensory-intake and reflex circuit activation. This interpretation, when applied to more prominent central alpha asymmetry, would further support our suggestion that central areas overlie primary somatosensory cortex with vestibular functional connections.
To conclude, our findings illustrate the functional importance of bilateral central and parietal cortices in balance control, associated with increasing task difficulty. The hemispheric asymmetry observed supports the notion that the non-dominant hemisphere is involved with online monitoring of postural control. Although the posterior parietal asymmetry found may relate to vestibular, somatosensory or multisensory feedback processing, we argue that the finding relates to active balance control, rather than simple sensory-intake or reflex circuit activation. Theta increases in Cz and enhanced alpha coherence in central electrodes may relate more directly to motor processing in the cortical leg representation area. Although technical restrictions such as lack of EEG source localisation and MRI data somewhat temper conclusions we can make regarding exact cortical localisation, the fact that EEG correlates of balance can be made in real time opens a new door in the assessment of patients with dizziness and balance disorders. In turn, investigations into the effects of selective sensorimotor and/or vestibular deficits in patients will help to more fully understand the cortical correlates of balance control. 
